Aging is associated with loss of tissue mass and a decline in adult stem cell function in many tissues. In contrast, aging in the prostate is associated with growth-related diseases including benign prostatic hyperplasia (BPH). Surprisingly, the effects of aging on prostate epithelial cells have not been established. Here we find that organoid-forming progenitor activity of mouse prostate basal and luminal cells is maintained with age. This is caused by an age-related expansion of progenitor-like luminal cells that share features with human prostate luminal progenitor cells. The increase in luminal progenitor cells may contribute to greater risk for growth-related disease in the aging prostate. Importantly, we demonstrate expansion of human luminal progenitor cells in BPH. In summary, we define a Trop2 + luminal progenitor subset and identify an age-related shift in the luminal compartment of the mouse and human prostate epithelium.
regenerative potential (van Deursen, 2014) , which may be caused by defects in tissue stem and progenitor cells. Age-related atrophy of muscles, brain, eyes, and thymus has been well documented (Baumgartner et al., 1998; Klein et al., 1992; Meier-Ruge et al., 1992; Simpson et al., 1975) , consistent with a decline in progenitor activity in many of these tissues (Conboy et al., 2003; Molofsky et al., 2006) . In contrast, the prostate gland has been shown to undergo expansion with age. Prevalence of benign prostatic hyperplasia (BPH), characterized by enlargement of the prostate, increases with age (Roehrborn, 2005) . However, the link between age and progenitor capacity in the prostate has not been well defined.
Previous observations in old mice have identified age-related changes in the prostate microenvironment, including stromal disorganization and increased inflammation (Bianchi-Frias et al., 2010) . We have previously identified a population of progenitor-like luminal cells in the human prostate that are expanded in regions adjacent to chronic inflammation (Liu et al., 2016) . These CD38 low luminal progenitor cells express prostate stem cell antigen (PSCA) and exhibit an inflammatory signature. Whether the aging mouse prostate similarly contains a phenotypically distinct subset of progenitor-like luminal cells has not been established.
In this study, we performed transcriptional and functional characterization of epithelial cells from 3-month-old and 24-month-old mice. We found that prostate basal and luminal cells from old mice surprisingly maintain their progenitor activity. Luminal cells from old mice exhibit increased expression of progenitor markers including Trop2 and Psca.
Mechanistically, this is driven by an age-related increase in a distinct Trop2 + luminal progenitor subset capable of generating large organoids. In human prostate tissues, we found an increase in PSCA + luminal cells associated with age and BPH. Defining the cell types that maintain the prostate with age may shed light on the mechanisms promoting BPH.
RESULTS

Isolation of Prostate Epithelial Cells from Young Adult and Old Mice
We aged C57BL/6 (B6) male mice to 24 months and compared their prostates with postpubertal 3-month-old young adult mice, hereafter referred to as adult ( Figure 1A) . Old mouse prostates are heavier than adult prostates ( Figure 1B) and contain significantly greater numbers of cells per prostate ( Figure 1C ). We hypothesized that increased cell number may be caused by increased branching during aging. However, quantification of the number of branch points per lobe (anterior, dorso-lateral, and ventral) did not reveal any statistically significant differences between adult and old prostates ( Figures 1D and 1E ).
instance of a prostatic lobe with a markedly cellular mesenchymal proliferation infiltrating the space between benign prostatic glands, indicative of malignant sarcomatous features ( Figure S1C ).
To determine which cell types are responsible for the increased cell number in old prostates, we utilized fluorescence-activated cell sorting (FACS) to distinguish basal, luminal, stromal, and Lin + cells (expressing immune and endothelial markers) from adult and old prostates (Figures 1F and 1G) . After depleting Lin + (CD31, CD45, Ter119) cells, we identified basal and luminal cells based on differential expression of CD49f and epithelial cell adhesion molecules (EpCAM) . Intracellular flow cytometry for basal (K14, K5) and luminal (K18, K8) keratins confirmed successful fractionation of basal and luminal cells within the CD49f hi EpCAM + and CD49f lo EpCAM + gates, respectively (Figures 1G, S1D, and S1E). Stromal cells, including cells expressing Desmin, were isolated within the Lin − CD49f − EpCAM − fraction ( Figures 1G and S1F ).
We observed a dramatic increase in the number of Lin + cells with age ( Figure 1H ), consistent with a 3-to 4-fold increase in the proportion of CD45 + cells in old prostates ( Figure S1G ). We also noted a minor increase in the number of stromal cells in old prostates ( Figure 1H ). No significant change in the number of basal or luminal epithelial cells was observed. We quantified forward scatter, a feature of FACS that is associated with cell size, from each population of cells. Interestingly, both Lin + and stromal cells exhibited a significant decrease in forward scatter levels with age, whereas no significant difference was found in epithelial subsets ( Figure 1I ). These findings suggest age-related changes in the prostate microenvironment, consistent with a previous report (Bianchi-Frias et al., 2010) .
Mass Cytometry Reveals an Age-Related Increase in Prostate-Infiltrating Lymphocytes
Using mass cytometry (cytometry by time-of-flight [CyTOF]) to comprehensively phenotype immune cells, we stained single-cell suspensions of total mouse prostate with a panel of metal-tagged antibodies against cell surface markers ( Figure 2A ; Table S1 ). To confirm that CyTOF can accurately detect immune cell populations in the prostate, we compared immune-competent B6 mice and immune-deficient NOD-SCID-IL-R2γ null (NSG) mice that lack T cells, B cells, and natural killer (NK) cells, but still have myeloid cells (Ito et al., 2012) . B6 mice were found to have cells staining positive for T cell (CD3, CD4, and CD8), B cell (CD19), and myeloid (CD11b and F4/80) markers ( Figure S2A ). In contrast, NSG mice stained positively for markers of myeloid cells, but not lymphocytes ( Figures S2A-S2C ).
We performed CyTOF on FACS-isolated Lin + cells from adult and old mouse prostate tissue using the markers CD11c, Ly6C, CD19, CD8, CD25, CD27, B220, CD4, F4/80, CD11b, CD138, CD3, CD117, and FCER1A. To examine age-related changes to the gross immune cell composition of the mouse prostate, we classified CD45 + cells into three major groups. Cells expressing CD3 were classified as T cells. Cells expressing CD19 or B220 were classified as B cells. Cells expressing at least one of the markers, CD11b, CD11c, F4/80, and Ly6C, were classified as myeloid cells. NK and myeloid cells were difficult to separate based on the markers used, so we chose to group them together for this analysis. Although myeloid/NK cells were found to be dominant in both the adult and old mouse prostate immune compartments, T and B cells significantly increased with age as a proportion of CD45 + cells ( Figure 2B ).
We used t-Stochastic Neighbor Embedding (t-SNE) to visualize high-dimensional CyTOF data on a two-dimensional scatterplot, where cells with similar expression of surface markers are grouped closer together (Mair et al., 2016) . Visualizing the resulting t-SNE plot as a heatmap of marker expression, the T cells and B cells are separated from cells expressing myeloid markers ( Figure 2C ). Consistent with age-related changes in the proportion of major immune lineages ( Figure 2B ), T and B cell regions identified in the t-SNE plot appeared more dense in the old mouse prostate ( Figure 2D ). These results are also consistent with age-related changes in Lin + cell size ( Figure 1I ), because prostate-infiltrating lymphocytes exhibit lower levels of forward scatter than myeloid cells ( Figure S2D ).
Old Luminal Cells Generate Larger Organoids
Having characterized age-related changes to the prostate microenvironment, we sought to evaluate the effects of aging on prostate epithelial cells. We quantified the percentage of Ki67 + epithelial cells in the mouse prostate by flow cytometry, and found increased proliferation rates in basal cells compared with luminal cells ( Figure S3A ). Although proliferation rates did not change with age in the basal population, old luminal cells exhibited a significant increase in proliferation rates ( Figure S3A ). We next utilized the prostate organoid assay (Karthaus et al., 2014) to measure age-related changes in epithelial progenitor activity. We isolated basal and luminal cells from adult and old mice, and measured primary organoid formation, organoid size, and self-renewal capacity upon replating into secondary organoid culture. Within the basal cells, no significant age-related differences were observed based on primary organoid-forming capacity ( Figure 3A ), organoid size (diameter) ( Figure 3B ), and self-renewal ( Figure 3C ). Luminal cells from adult and old mice had no significant difference in primary organoid-forming capacity ( Figure  3D ). Organoids derived from aged luminal cells were larger on average ( Figure 3E ) and contained a significantly greater proportion of large (>400-μm diameter) organoids than those derived from adult luminal cells ( Figure S3B ). No significant differences in selfrenewal capacity were observed upon re-plating into secondary organoid culture ( Figure 3F ).
Confocal microscopy was performed to evaluate markers of each lineage in organoids derived from adult and old basal and luminal cells. Basal-derived organoids from both adult and old mice contained multi-layered epithelium with outer layers expressing high levels of the basal marker p63 surrounding inner layers expressing high levels of the luminal marker K8 ( Figure 3G ). Luminal-derived organoids from both adult and old mice generally contained a single layer of cells with high expression of K8 and low-to-undetectable levels of p63 ( Figure 3H ). Western blots confirmed expression of basal and luminal markers in organoids derived from each cell type and age, indicative of multipotency ( Figures S3C and  S3D ), as has been reported for adult basal and luminal cells (Chua et al., 2014; Karthaus et al., 2014) .
Aging Is Associated with a Luminal Progenitor Signature
To gain insight into age-related changes associated with increased luminal organoid size, we performed gene expression analysis using RNA sequencing (RNA-seq) on epithelial cells isolated from adult and old mouse prostates. Principal component analysis of RNA-seq expression indicated that each cell type and age clusters independently, with principal component (PC) #1 separating basal from luminal cells and PC #2 distinguishing adult from old epithelial cells ( Figure 4A ). Within each cell type, significant gene expression changes were determined based on greater than 1.5-fold differential expression between adult and old, using a cutoff of false discovery rate (FDR) <0.1. Interestingly, 10 genes were significantly upregulated in both basal and luminal cells from old mice ( Figure S4A) , including several metabolic genes (Cyp2f2, Hmox1, Urah). Fourteen genes were found to be significantly downregulated in both basal and luminal cells from old mice compared with adult mice ( Figure S4B ), including several genes related to the extracellular matrix (Col1a1, Col1a2, Col3a1, Sparc). Reduced expression of collagen genes in old epithelial cells is consistent with a previous report (Bianchi-Frias et al., 2010) .
Gene Ontology analysis was performed on gene sets significantly upregulated in each cell type and age, demonstrating that adult basal cells were enriched in terms related to cell adhesion and migration ( Figure S4C ), whereas the old basal cell signature was associated with ribosome biogenesis ( Figure S4D ). Within the luminal cells, the adult signature was enriched in male sex differentiation and gonad development ( Figure S4E ). Several gene ontology terms of interest were enriched in old luminal cells including cell motility and migration, angiogenesis, and inflammatory response ( Figure S4F ).
A similar signature was previously demonstrated in CD38 low luminal progenitor cells in the human prostate (Liu et al., 2016) , suggesting that aged mouse prostate luminal cells may share features with human luminal progenitor cells. Several markers of human prostate luminal progenitors, including elevated Bcl2, Cd74, Pigr, and Psca and low Cd38, are associated with aged mouse prostate luminal cells ( Figure 4B ). Gene set enrichment analysis was used to demonstrate that the aged mouse prostate luminal signature significantly overlaps with the CD38 low luminal progenitor signature ( Figure 4C ).
Elevated Expression of Trop2 in Old Luminal Cells
Old luminal cells were found to express elevated transcript levels of several stem and progenitor cell markers including Cd44, Itga2, and Tacstd2 (Trop2) ( Figure 4B ). We performed flow cytometry to measure mean fluorescence intensity (MFI) of Trop2 expression on basal and luminal cells from adult and old mouse prostates. Although Trop2 expression does not change with age on basal cells, old luminal cells express significantly higher levels of Trop2 than adult luminal cells ( Figures 4D-4F ).
Mechanistically, we wondered whether progenitor genes including Trop2 are elevated uniformly in old luminal cells or whether there is an age-related expansion of a pre-existing progenitor-like luminal population. By flow cytometry, a subset of luminal cells from both adult and old prostates appeared to express elevated levels of Trop2 ( Figure 4F ). We utilized immunohistochemistry to evaluate Trop2 expression in adult and old prostate tissue. Trop2 expression was observed on the vast majority of basal cells ( Figures 4G and 4H ), as well as on proximally located luminal cells in both adult and old prostates, as we have previously reported (Goldstein et al., 2008) . In distal regions of adult and old prostates, we observed Trop2-expressing luminal cells in ridges protruding into the lumen of ducts (Figures 4G and 4H) , where distally located label-retaining luminal cells were reported to reside (Tsujimura et al., 2002) . In old prostates, Trop2-expressing luminal cells were also observed in rare regions with epithelial hyperplasia (Figures 4H and S5 ).
Trop2 Expression Defines a Subset of Large Organoid-Forming Luminal Progenitor Cells
Using FACS, we isolated a subpopulation of Trop2 + luminal cells from preparations of dissociated adult prostate comprising approximately 5%-6% of total CD49f lo EpCAM + luminal cells. Trop2 + and Trop2 − luminal cells express comparable levels of the luminal marker K18 and low or absent expression of basal markers K5 and K14 ( Figures S6A-S6C) . Interestingly, the Trop2 + fraction exhibited a greater proportion of Ki67 + cells ( Figure 5A ), suggesting that Trop2 + and Trop2 − subsets may be functionally distinct. Upon plating both luminal subpopulations from adult prostate into the organoid-forming assay, we found that Trop2 + luminal cells were capable of forming organoids at a higher rate ( Figure 5B ). Furthermore, organoids derived from Trop2 + luminal cells were considerably larger than organoids derived from Trop2 − luminal cells ( Figure 5C ). Both Trop2 + and Trop2 − luminal cells generated organoids containing one or two layers of cells with high expression of K8, whereas Trop2 + luminal-derived organoids tended to express higher levels of p63 than Trop2 − luminal-derived organoids ( Figures 5D and 5E ). These differences in functional capacity suggest that Trop2 + luminal cells represent a progenitor-enriched subpopulation from the adult prostate.
Age-Related Expansion of Trop2 + Luminal Progenitor Cells
The mean percentage of Trop2 + luminal cells increased from 6% in adult to 21% in old prostates ( Figures 5F and 5G) , indicating a significant age-related expansion of this subpopulation. Similar fractions of Trop2 + and Trop2 − luminal cells were observed when comparing total dissociated cells and DAPI-negative viable cells ( Figures S6D and S6E) , ruling out the possibility that the expanded Trop2 + fraction in old prostates is a result of preferential survival during dissociation.
To determine whether luminal subsets defined by Trop2 expression retain their gene signature with age, we performed RNA-seq on Trop2 + and Trop2 − luminal cells from adult and old mice. When comparing genes that were greater than 1.5-fold enriched in Trop2 + luminal cells with a p value <0.05 and FDR < 0.1, we identified 1,121 genes in the adult and 1,252 genes in the old prostate associated with a Trop2 + luminal signature. Importantly, the majority of these genes were shared by both adult (66%) and old (59%) Trop2 + luminal cells ( Figure 6A ), suggesting an age-related maintenance of the core Trop2 + progenitor signature. Interestingly, the Trop2 + luminal signature includes Psca ( Figures 6B and 6C ), a marker of human prostate luminal progenitor cells (Liu et al., 2016) that was recently shown to define a distinct luminal subset in prostate tissues from healthy human donors (Henry et al., 2018) . CD44, a marker of stem and progenitor cells in several epithelial tissues including prostate 
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Similar analysis of genes enriched in Trop2~ luminal cells revealed considerable overlap between adult (61%) and old (41%) prostates ( Figure 6A ). The degree of overlap within Trop2~ luminal cells was lower than that of Trop2 + luminal cells, which may reflect increased responsiveness to age-related signals from the microenvironment. Alternatively, the Trop2~ luminal subset may contain a greater degree of heterogeneity that has yet to be defined.
Trop2 + Luminal Cells Maintain Progenitor Activity with Age
We evaluated the functional capacity of Trop2 + and Trop2 − luminal cells from both adult and old mice to determine the effect of age on progenitor capacity within each phenotypically defined subset. Both adult and old Trop2 + luminal cells form organoids at similar rates and generate structures of similar size ( Figures 6F-6H) , indicating an agerelated maintenance of the progenitor activity from this subpopulation. In contrast, Trop2 − luminal cells from old prostates have a diminished capacity to form organoids with a trend toward reduced organoid size ( Figures 6F-6H ). The reduced organoid-forming activity of old Trop2 − luminal cells correlates with a decline in gene expression associated with gene ontology terms cell division, mitotic nuclear division, and cell cycle ( Figure 6I ).
We multiplied the percentage of luminal cells that are Trop2 + or Trop2 − by the proliferative index (% Ki67 + ) within each luminal subset to determine the contribution of each subset to total proliferating luminal cells in the mouse prostate. Whereas the majority of proliferating luminal cells in the adult prostate are Trop2 − , the majority of proliferating luminal cells in the old prostate express Trop2 ( Figure 6J ). We quantified the contribution of Trop2 + and Trop2 − cells to total luminal progenitor activity by multiplying the percentage of Trop2 + or Trop2 − luminal cells by the rate of organoid formation for each subset. Whereas 8% of luminal organoids in the young prostate are generated by Trop2 + cells, 64% of luminal organoids in the old prostate arise from Trop2 + progenitor cells ( Figure 6K ), representing a dramatic age-related shift in the luminal compartment.
Human PSCA + Luminal Cells and Inflammatory Cells Expand in Aging and BPH
Having demonstrated a significant overlap in gene expression between Trop2 + luminal cells and human luminal progenitor cells, we asked whether luminal progenitor cells are expanded with age in human prostate. Using PSCA as a marker of human prostate luminal progenitor cells (Liu et al., 2016) , we evaluated the frequency of PSCA + luminal cells (Henry et al., 2018) in human prostate tissues from young healthy men and older men with BPH. We observed a significant increase in the percentage of PSCA + luminal cells in prostates from men with BPH compared with normal prostates from organ donors ( Figure  7A ). Interestingly, we also found a significant increase in the proportion of CD45 + immune cells in BPH compared with normal prostates ( Figure 7B ). Both PSCA + luminal cells and CD45 + immune cells are positively correlated with age in the human prostate ( Figures 7C  and 7D ).
DISCUSSION
Aging is thought to play an important role in the development of BPH and prostate cancer.
In this study, we examined the progenitor capacity of the prostate epithelium and found that basal and luminal cells from old mice maintain their organoid-forming activity. Luminal cells from old mice exhibit a progenitor-like signature and generate larger organoids than young adult luminal cells (Figures 3E, 4B, and 4C ). We set out to determine whether luminal cells gain progenitor features with age or whether there is an age-related expansion of a preexisting luminal progenitor subset. We found that Trop2 expression defines a unique subset of luminal cells in the adult prostate that generate large organoids (Figures 4F, 5B, and 5C ). The Trop2 + luminal fraction is dramatically expanded with age and contributes to the vast majority of luminal progenitor activity in old mouse prostate (Figures 5F, 5G, and 6K) . The age-related expansion of progenitor-like luminal cells was also found in the human prostate in men with BPH ( Figure 7A ), suggesting that luminal progenitor cells may play a functional role in the disease. In addition to an age-related expansion of luminal progenitor cells, we also found an age-related increase in inflammatory cells in both mouse and human prostates ( Figures 7C and 7D ). Although mice are not known to develop BPH, our results suggest that further study of mouse prostate aging may reveal mechanisms relevant to BPH.
It remains unclear what mechanisms are responsible for the age-related expansion of Trop2 + luminal cells in the mouse prostate. Basal cells exhibit higher proliferation rates than luminal cells at both 3 and 24 months of age ( Figure S3A ), consistent with results in the human prostate (Moad et al., 2017) . Within the luminal compartment, we observed significantly greater proliferation from the Trop2 + subset in adult mice ( Figure 5A ). Whether proliferating Trop2 + luminal cells undergo self-renewing divisions or give rise to Trop2 − luminal cells has not been established. An age-related expansion of Trop2 + luminal cells may result from a sustained proliferative advantage within this subset throughout life. Trop2 + luminal cells may also be derived from other epithelial populations, such as basal cells or Trop2 − luminal cells. Lineage tracing will be necessary to distinguish these possibilities.
One possibility is that systemic or local signals originating outside of the epithelium may contribute to the age-related expansion of Trop2 + luminal cells. Given that old mice are heavier than adult mice and contain a greater amount of adipose tissue, we hypothesized that increased body fat in adult mice may replicate the aging phenotype. However, we did not observe an expansion of Trop2 + luminal cells in adult mice fed a high-fat diet for 3 months ( Figures S7A-S7F ), suggesting that increased body fat in old mice is not likely to drive the luminal progenitor expansion. Changes in hormone levels may play a role in the expansion of Trop2 + luminal cells, as we have previously demonstrated a dramatic increase in Trop2 + luminal cells in the castrated mouse prostate (Goldstein et al., 2008) . It remains unclear whether the increase in Trop2 + luminal cells in the castrated prostate arises out of an expansion of pre-existing Trop2 + luminal cells or through the increased expression of Trop2 in castration-resistant luminal cells. Additional studies will be required to define the cues that drive an age-related expansion of luminal progenitor cells.
The age-related expansion of luminal progenitor cells may also increase the risk for prostate cancer initiation. Using a variety of in vivo approaches with mouse and human prostate tissue, we and others have established that progenitor cells within both the basal and the luminal layers are capable of initiating prostate cancer in response to genetic alterations (Choi et al., 2012; Goldstein et al., 2008 Goldstein et al., , 2010 Kwon et al., 2014; Lawson et al., 2010; Lu et al., 2013; Park et al., 2016; Stoyanova et al., 2013; Wang et al., 2009 Wang et al., , 2013 . Therefore, as luminal progenitor cells expand with age in the prostate, the pool of potential target cells for transformation likely expands as well. Future work will be aimed at determining whether aged prostate epithelial cells are more susceptible to oncogenic transformation.
STAR★METHODS LEAD CONTACT AND MATERIALS AVAILABILITY
This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew S. Goldstein (agoldstein@mednet.ucla.edu) . 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
METHOD DETAILS
Quantification of Branch Points-Branch point of mouse prostate lobes was quantified as described (Lai et al., 2012) with modifications. Briefly, the mouse prostate lobes were dissected and digested with 10 mg/ml collagenase type I (GIBCO) in RPMI 1640 (GIBCO) with 10% fetal bovine serum (Corning) for 1 h at 37°C. The ductal structure was exposed with fine forceps and branching points were counted under a dissection microscope.
Mouse Prostate Dissociation to Single Cells-Using a razor blade, individual mouse prostates were mechanically dissociated in dissociation media comprised of RPMI 1640 (GIBCO) containing 10% fetal bovine serum (Corning), 1x penicillin-streptomycin (GIBCO), 1 mg/mL collagenase type I (GIBCO), 1 mg/ml dispase (GIBCO), 0.1 mg/mL deoxyribonuclease (GIBCO), and 10uM of the p160ROCK inhibitor Y-27632 dihydrochloride (Tocris Bioscience). When chunks were no longer visible, the samples were incubated at 37°C on a nutating platform for 1 -1.5 h in 5 mL of dissociation media. After centrifugation, the pellet was washed with 1x phosphate buffered saline (PBS, GIBCO). The cell pellet was resuspended in 2.7 mL of 0.05% Trypsin-EDTA (GIBCO) and incubated at 37°C for 5 min. Trypsin was inactivated with 300 μL of dissociation media. Cells were further dissociated by pipetting with a P-1000 pipette and an 18G syringe. Cells were passed through a 100 μm cell strainer (Corning). Dissociated cells were counted using a hemocytometer.
Human Prostate Processing-Fresh tissue samples less than 24 h post-collection were transported in ice-cold saline and immediately processed in a 4 h enzymatic digestion into single cells at 37°C using 5 mg/ml collagenase type I (GIBCO), 10 μM ROCK inhibitor Y-27632 (Tocris Bioscience), 1nM DHT (Sigma), 1mg DNase I (GIBCO), and 1% antibiotic/antimycotic solution (100X, Corning) in HBSS. Single cells were filtered and cryopreserved in 90% FBS/10% DMSO. For experiments, vials were rapidly thawed, washed, and incubated with antibodies for flow cytometry as described (Henry et al., 2018) . Viable human prostate cells were analyzed by fluorescence activated cell sorting in the UT Southwestern CRI Flow Cytometry Core on a BD FACSAria FUSION SORP flow cytometer and analyzed with FlowJo software as performed previously (Henry et al., 2018) .
Intracellular Flow Cytometry-Dissociated cells from mouse prostate were stained with rat anti-CD49f-PE (BioLegend), rat anti-CD326 (EpCAM)-APC/Cy7 (BioLegend) and goat anti-Trop2-APC (R & D Systems) for 20 min on ice. Cells were washed with PBS and fixed in 1ml of 2% paraformaldehyde made from 16% paraformaldehyde (Electron Microscopy Sciences) in PBS for 15 min on ice. Cells were washed with PBS and permeabilized in 1ml of permeabilization buffer (0.1% Saponin (Sigma-Aldrich), 5% FBS (Corning) in PBS) for 15 min at room temperature in the dark. Cells were resuspended in 100 μL of permeabilization buffer and stained with either rabbit anti-cytokeratin 5-Alexa Fluor 647 (Abcam) and rabbit anti-cytokeratin 8-Alexa Fluor 488 (Abcam), mouse anti-cytokeratin 14-FITC (Abcam), mouse anti-cytokeratin 18-FITC (Abcam) or rat anti-Ki67-FITC (BioLegend) for 20 min at room temperature in the dark. Cells were washed and resuspended in permeabilization buffer for analysis on a BD FACS Canto (BD Biosciences).
Organoid Culture and Assays-Basal and luminal primary cells from mouse prostate were isolated by fluorescence activated cell sorting. Luminal cell populations were doublesorted to ensure high purity. Sorted cell populations were plated in a 24-well plate (Corning). Basal cells were plated at a density of 500 or 1000 cells/well, while luminal cells were plated at a density of 2500 or 5000 cells/well. Prostate organoids were cultured based on established protocols (Drost et al., 2016) . For passaging, primary organoids were dissociated in 1mg/ml dispase (GIBCO) for 30 min to 1 h prior to treatment with 0.05% Trypsin-EDTA (GIBCO) and re-plating. Single organoids were imaged on a light microscope and organoid diameter was measured as a readout of organoid size. For confocal microscopy, dispase-treated organoids were fixed with 4% paraformaldehyde in PBS for 2 h at room temperature, and permeabilized by incubating in blocking solution (10% fetal bovine serum and 0.2% Triton X-100 (Fisher) in PBS) for 2 h. Whole-mount immunofluorescent staining of organoids was performed by incubating with primary antibodies in blocking solution overnight at 4°C, washing with PBS three times for two h each, incubating with secondary antibodies and 1 μg/ml 4',6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma) in blocking solution overnight at 4°C, and washing with PBS three times for two h each. Tissue clearing was done with sucrose series (15%, 30%, 45%, and 60% sucrose with 1% Triton X-100 (Fisher) in PBS, 2 h each), and the organoids were mounted on chambered coverslips (35 mm micro-dish, Ibidi USA). Confocal microscopy with Airyscan was performed with LSM 880 (Zeiss). Primary antibodies used were rabbit anti-p63 (BioLegend) and mouse anti-K8 (BioLegend). Secondary antibodies used were Alexa Fluor 488 goat antimouse IgG (Invitrogen) and Alexa Fluor 594 goat antirabbit IgG.
Immunoblot antibodies: rabbit anti-keratin 5 (Biolegend), goat anti-Tp63 (R & D systems), mouse anti-cytokeratin 8 (Biolegend), rabbit anti-Prom1 (Abnova), mouse anti-tubulin (DSHB).
Immunohistochemistry-3-month-old and 24-month-old mouse prostate tissue was embedded in paraffin and sectioned at UCLA's Translational Pathology Core Laboratory. Sections were incubated at 60°C in a vacuum oven for 45-60 min. Slides were transferred into xylene (Fisher) 3 times, 100% alcohol (Decon Labs) 2 times, 95% ethanol 1 time and 70% ethanol 1 time, each for 3 min. Slides were transferred into PBS (GIBCO) for 5 min prior to epitope unmasking using a heat antigen retrieval step. Staining of sections was performed using the manufacturer's protocol for the Anti-Goat HRP-DAB Cell & Tissue Staining Kit (R & D Systems) with primary antibody goat antimouse Trop2 (R & D Systems) at a 10 μg/ml concentration. Hematoxylin and eosin staining was performed by UCLA's Translational Pathology Core Laboratories. Frozen sections were fixed with 4% paraformaldehyde in PBS for 5 min at room temperature, washed with PBS, and stained with primary antibodies and stained with the following secondary antibodies: goat antimouse IgG-Alexa Fluor 488 and goat anti-rabbit IgG-Alexa Fluor 594.
Antibodies for Mass Cytometry-Antibodies used for mass cytometry experiments were purchased pre-conjugated from the manufacturer (Fluidigm) or conjugated inhouse using MaxPar X8® multimetal labeling kit (Fluidigm) according to manufacturer's protocol. Panels were checked for signal tolerance using the Maxpar Panel Designer (Fluidigm). Table  S1 shows the antibodies used in the mouse panel.
Cell Surface Staining for Mass Cytometry-Cell staining buffer was prepared with 1x PBS (GIBCO) containing 5% bovine serum albumin (BSA) protease-free (Sigma-Aldrich) and 0.2% sodium azide (Sigma-Aldrich). From single-cell suspension into tubes, 1 × 10 5 − 1.5 × 10 5 cells were aliquoted for the unstained control, and 3 × 10 5 − 1.8 × 10 6 cells aliquoted used for the stained samples. For Live/Dead staining with rhodium, samples were centrifuged and resuspended at 1 × 10 6 cells/mL in cell staining buffer containing 1 μM Cell-ID Intercalator-103Rh (Fluidigm) and incubated at 37°C for 15 min. For Live/Dead staining with cisplatin, samples were centrifuged and resuspended at 1 × 10 7 cells/mL in cell staining buffer. Stock Cell-ID Cisplatin (Fluidigm) was added to samples for a final concentration of 5 μM, and samples were incubated for 5 min at room temperature. Live/ Dead stain was quenched with 2mL cell staining buffer and centrifuged. After Live/Dead staining, the antibody cocktail prepared was diluted to 1 μL of each antibody per 50 μL per sample. Cells were resuspended in 45 μL cell staining buffer and 5 μL of 5 μg/mL TruStain fcX (anti-mouse CD16/32) Antibody (BioLegend). Samples were incubated at room temperature for 10 min, then 50 μL of the antibody cocktail was added. Samples were incubated with antibodies added at room temperature for 30 min then washed twice with cell staining buffer and resuspended in 1 mL Maxpar® Fix and Perm Buffer (Fluidigm) containing 125 nM Cell-ID Intercalator-Ir (Fluidigm). Samples were incubated for 12 -48 h at 4°C. Samples were then washed a total of 3 times with cell staining buffer, 1x PBS (GIBCO), then MilliQ Water (Millipore). Samples were passed through a 40 mm strainer settings: Iterations, 3000; Perplexity, 50; Eta (learning rate), 4105. Heatmaps of marker expression were generated using the Color Map Axis function.
Statistical Analysis-Prism V7 (GraphPad) was used to generate graphs and perform statistical analysis. Correlations were determined by calculating the Pearson correlation coefficient r. Number of replicates, type of replicate, and type of error bars are listed in figure legends. Unless otherwise stated, two-tailed Student's t test assuming unequal variance was performed to determine statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DATA AND CODE AVAILABILITY
The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE122367 and GSE128724. 
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